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ABSTRACT

We applied multilocus sequence typing (MLST) to investigate the population structure and mode of re-
production of Cryptococcus neoformans var. grubii (serotype A). This MLST system utilizes 12 unlinked
polymorphic loci, which are dispersed on nine different chromosomes, and allows the unambiguous iden-
tification of closely related strains of serotype A. We compared MLST analyses with the conventional
genotyping method of detecting amplified fragment length polymorphisms (AFLPs), and there was ex-
cellent correlation between the MLST and AFLP results. However, MLST differentiated a larger number of
strains. We analyzed a global collection of isolates of serotype A using both methods, and the results iden-
tified at least three genetically distinct subpopulations, designated groups VNI, VNII, and VNB. Groups VNI
and VNII are widespread, dominated by isolates with the MATa mating type, and predominantly clonal.
Conversely, isolates of group VNB are unique to Botswana, include a significant proportion of fertile strains
with the MATa mating type, and manifest compelling evidence of recombination. We have AFLP genotyped
>1000 strains of serotype A from different parts of the world, including isolates from several African
countries, and, to date, haploid serotype A isolates of group VNB have been found only in Botswana.

RYPTOCOCCUS neoformans is a pathogenic yeast

that causes debilitating disease of the central ner-
vous system and other organs in humans. Cryptococ-
cosis is especially prevalent in persons with impaired
cellmediated immunity, such as patients with AIDS,
transplants, or hematologic malignancies (CASADEVALL
and PerrECT 1998). C. neoformans normally resides in
the environment, where it is most commonly associated
with avian guano and vegetative debris. Infection is
acquired by inhalation; however, neither the natural
reservoir nor the nature of the infectious particles has
been resolved (CASADEVALL and PerrecT 1998). On
the basis of differences in capsular epitopes and clinical
manifestations, two varieties and three serotypes of
C. neoformans have been recognized (KwoN-CHUNG et al.
2002). The most common variety, C. neoformans var.
grubii, includes isolates of serotype A, which are wide-
spread and responsible for >80% of cryptococcal in-
fections and for >99% of the infections in patients with
AIDS. The other variety, C. neoformans var. neoformans,
includes strains of serotype D, which also infects im-
munocompromised individuals; however, the preva-
lence of this variety is lower, and it is considered less
pathogenic (CASADEVALL and PERFECT 1998). Strains
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of serotype AD are hybrids between strains of serotypes
A and D and least common, but they have been isolated
from the environment and patients (LENGELER ¢! al.
2001; Xu et al. 2002).

Although C. neoformans var. grubii has been studied
extensively, its population structure is unresolved. In
particular, the mode of reproduction and the extent of
clonality among natural isolates have not been de-
termined. C. neoformans is a haploid basidiomycete with
a bipolar mating system and two alternative mating-type
alleles, MATa and MATo. Although the genome of C.
neoformans var. grubii contains the machinery for sexual
reproduction and recombination, and strains are capa-
ble of undergoing both processes in the laboratory, the
overwhelming majority of natural isolates possess only
one mating-type allele, MATo, and exhibit significant
evidence of clonality. Several genotyping techniques
have been used to analyze different populations of
C. neoformans, and the collective results indicate wide-
spread clonality in the population (CURRIE et al. 1994;
BRANDT et al. 1996; BoERHOUT ¢t al. 2001; MEYER et al.
2003; LiTtviNTSEVA el al. 2005). Nevertheless, some
studies also found evidence of recombination in natural
populations of C. neoformans. For example, Xu et al.
(2000) demonstrated significant incongruence among
the genealogies of four unrelated genes. BURT el al.
(2000) analyzed multilocus genotypes of 222 serotype
A isolates from the United States and detected no
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significant linkage disequilibrium among the loci, which
may indicate evidence of recombination in the popula-
tion. LITVINTSEVA el al. (2005) analyzed multilocus
amplified fragment length polymorphism (AFLP) ge-
notypes of >700 environmental and clinical isolates
of C. neoformans serotype A from the United States and
detected linkage equilibrium among the loci in the
individual subgroups, which could be attributed to
recombination in these subgroups. In 2003, we found
circumstantial evidence of recombination in a clinical
population of C. neoformans var. grubii from Botswana
(L1TvINTSEVA et al. 2003). Fourteen isolates, composing
10% of this population, contained the rare MATa
mating-type allele, possessed eight different AFLP
genotypes, and were capable of mating and recombina-
tion in the laboratory. Moreover, analysis of all 139
isolates from this sample revealed the presence of two
partially genetically isolated subgroups, which exhibited
evidence of both clonal expansion and recombination.
After decades of research and mystery, here was a pop-
ulation of C. neoformans var. grubii (i.e., serotype A) with
the capability for sexual reproduction.

The discovery of these unusual clinical isolates in
Botswana stimulated the present investigation to de-
termine the global prevalence or rarity of strains with
the potential for sexual reproduction and recombina-
tion. We analyzed 102 isolates of serotype A from dif-
ferent parts of the world, including 34 previously
described Botswanan strains with unique AFLP geno-
types. To assess the genetic relationships among these
isolates, we used two independent genotyping methods:
AFLP and multilocus sequence typing (MLST), for
which we developed 12 unlinked MLST loci. Both AFLP
and MLST genotypes were used to analyze the popula-
tion structure of this global sample. There was good
agreement between the data and results obtained by the
AFLP and MLST methods. Both techniques demon-
strated that the population in Botswana is unique and
consists of isolates that were not found in any other part
of the world. MLST analyses confirmed the previous
evidence of subgroups among the Botswanan isolates
and provided strong evidence for genetic recombina-
tion in the population as the genealogies of several
genes revealed significant incongruence. Conversely,
the remaining global strains of serotype A were over-
whelmingly clonal. Identical strains were isolated from
distant parts of the world, and the gene genealogies of
all 12 analyzed genes were generally congruent. How-
ever, the global population was separated into two
genetically distinct groups, and these two groups dif-
fered from the subgroups in Botswana.

MATERIALS AND METHODS

Isolates of C. neoformans: A total of 1085 isolates of
C. neoformansvar. grubii (serotype A) were analyzed by the AFLP
genotyping. Among them, 824 isolates were obtained from the

environmental and clinical populations in the United States,
described previously (LITVINTSEVA ef al. 2005), and 139 were
cultured from spinal fluid specimens of individual patients in
Botswana, also described previously (LITVINTSEVA ef al. 2003).
The remaining strains were isolated from clinical specimens
and environment samples from 13 other countries (Table 1).
A subset of 102 strains from different countries and with
different AFLP genotypes was selected for the MLST analyses
(Table 2). We also evaluated multiple strains of the same AFLP
genotype to assess the sensitivity and concordance of both
genotyping techniques. In addition, VNI and VNII standard
strains (MEYER et al. 2003) were included to provide a link to
studies performed by others. To root the maximum-parsimony
tree, we used the recently sequenced JEC2I strain of sero-
type D (Lorrus et al. 2005). Isolates were maintained on
yeast extract—-peptone—dextrose (YPD) agar medium (Difco,
Detroit) at 30°.

DNA manipulations and AFLP: Genomic DNA was ex-
tracted from each isolate and the AFLP analysis was performed
as described (LITVINTSEVA et al. 2003, 2005). Only intense and
reproducible bands were scored for the analyses of population
structure. Polymorphic AFLP bands were defined as bands of
the same size that were present in some but not all isolates. To
assess the reproducibility of the AFLP method, DNA was
extracted and the AFLP reactions and analyses were per-
formed on at least two separate occasions for each isolate. In
comparing replicate analyses, 92% of the AFLP bands were
identical (data not shown).

MLST: Twelve unlinked MLST loci on nine of the chro-
mosomes were selected for the analysis (C. neoformans H99
sequencing project, Duke IGSP Center for Applied Genomics
and Technology, http:/cgt.duke.edu/; Table 3). The follow-
ing criteria were applied to the selection of MLST loci: (i) the
primer-binding sites were designed to be situated within
protein-coding sequences to maximize the number of strains
for which a particular locus can be PCR amplified; (ii) each
MLST locus contained a number of variable noncoding DNA
regions, such as introns or intergenic regions, to maximize the
number of strains that can be distinguished by this genotyping
approach; and (iii) the MLST loci were selected so that they
were physically unlinked, i.e., dispersed on different chromo-
somes or separated by at least 100,000 nucleotides (MARRA
et al. 2004), to test for linkage equilibrium among the loci in
the population. The PCR primers and amplification condi-
tions are shown in Table 4. Each PCR mixture contained 32 pl
of 1X PCR buffer, 2 mm MgCly, 0.2 mm dNTPs, 1 pm each
primer, 0.065 pl i7ag DNA Polymerase (Bio-Rad, Hercules,
CA), and ~1 ng genomic DNA. PCR products were purified
using the QIAquick PCR purification kit (QIAGEN, Valencia,
CA) and sequenced using an ABI 3700 sequencer with Big Dye
terminators (Applied Biosystems, Foster City, CA). For most
loci, PCR primers used for the amplification of the fragments
were also used for sequencing. The only exceptions were MPS§8
and CAP59, for which the following primers were used to
obtain the complimentary DNA: MP88seq-f, 5'-TCCTCTTT
TACTGGCCGTAT (forward orientation), and CAP5%seq-r,
5'- GGTACTGCGCTCGAGAATGC (reverse orientation). For
all of the loci, sequences were generated from both DNA
strands and edited manually. Unique MLST sequence types
are listed in supplemental Table 1 (http:/www.genetics.org/
supplemental/) and deposited in GenBank under accession
nos. DQ212527-DQ212692.

Data analyses: Sequences were automatically aligned using
Sequencher 4.1 (Gene Codes, Ann Arbor, MI); the alignment
was imported into MacClade 4.05 (MADDISON and MADDISON
1989) and edited manually. Ambiguously aligned characters
were excluded from the analysis. MLST alleles were assigned
to every unique sequence type at each locus, and a 12-digit
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TABLE 1

Strains analyzed by the AFLP and MLST genotyping

No. of isolates

No. of isolates

Origin analyzed by AFLP AFLP genotypes* analyzed by MLST MLST genotypes*

Argentina 2 Al 2 M1

Australia 2 Al, A7 2 MI, M7

Belgium 5 A3, A4, A5 5 M3, M4, M5

Botswana“ 139 genl through gen34 34 MI11-M43

Brazil 4 A4 3 M4

DRC(Zaire) 5 A4 2 M4, M4a

France 5 A3, A4 5 MI, M3, M4b

Japan 7 A5 2 M5

India 15 A3, A4, A4 3 M3a, M4c, M4d

Italy 2 A3, A5 2 M3, M5

Malawi 15 Al, A3, A5, AI0 4 M1, M3a, M5, M10

Tanzania 14 Al, A4, A4", AI0 4 M1, M4, M4f, M10b

Thailand 29 Al0 4 M10, M10a

Uganda 17 Al, A2, A3, A4, A6, A0 7 M3, M3b, M4, M7b, M10a

USA’ 824 Al, AICAI, AICA2, A2, A3, A4, 23 M1, M2, M3, M4a, M4b, M4e, M5,
A5, A6, A6", A7, A8, A8" M7, M7¢c, M8, M8a

Total 1085 47 102 57

“LITVINTSEVA et al. (2003).
"LITVINTSEVA et al. (2005).

“AFLP and MLST genotypes are designated with the letter “A” or “M” respectively, and each number represents a unique ge-
notype. AFLP genotypes with superscripts differ by only one polymorphic band (e.g., A4 and A4'); similarly, AICAI and AICA2
are very closely related. MLST genotypes that include a lowercase letter are also closely related (e.g., M4a, M4b, etc.).

number designated the allelic profile of each isolate (supple-
mental Table 1 at http:/www.genetics.org/supplemental/;
ENrRIGHT and SprATT 1999; TayLOR and FisHER 2003). The
genetic relatedness among the AFLP and MLST genotypes was
evaluated by nonmetric multidimensional scaling (MDS)
analysis using Euclidian distance measures and by principal
component analysis (PCA) with the correlation matrix, using
Community Analysis Package 2.4 (PISCES Conservation,
Hampshire, UK) (HEBERT et al. 2002).

Phylogenetic analyses were performed with PAUP version
4.0b10 (Sworrorp 1996). Maximum-parsimony (MP) trees
for the individual loci were identified with heuristic searches
based on 500 random sequence additions for each data set;
gaps in the sequence alignment were collapsed to a single
character and included in the maximum-parsimony analysis as
a fifth character. Strict consensus trees for the 12 genes were
compared for topological congruence; taxa were deemed in
conflict when they showed different relationships in two genes
that were supported by a bootstrap value of =70% (MasoN-
GAMER and KeLLOGG 1996). In addition, phylogenetic con-
gruence among the 12 gene genealogies was tested by the
partition homogeneity test with 1000 bootstrap replicas [in-
congruence length difference (ILD) test] implemented in
PAUP (Sworrorp 1996). Because of the observed incongru-
ence in the gene genealogies of several genes, combined
sequence data for all 102 isolates were analyzed with the
neighborjoining (NJ) method using uncorrected (“p”) genetic
distances (NEI and Kumar 2000). Sequences of the 12 MLST
loci from 92 strains of serotype A that had congruent gene
genealogies were aligned with those of the recently sequenced
JEC21 strain of C. neoformans serotype D (Lortus et al. 2005);
10 strains that demonstrated significant incongruence among
the gene genealogies were excluded from the alignment.
Maximum-parsimony trees were generated for the representa-
tive strains of each unique genotype and rooted with the JEC21
strain of serotype D. Statistical support for the phylogenetic

groups was assessed by bootstrap analysis using 500 replicate
data sets.

Hierarchical analysis of molecular variance (AMOVA)
was performed with the Arlequin 2.0 software package
(SCHNEIDER et al. 2000). The total variance was partitioned
into variance among individuals within populations, variance
among populations, and variance among groups of popula-
tions. Variance components were calculated for the following
comparisons: (i) the three groups and five populations based
on the phylogenetic structure depicted in Figures 1 and 2,
where group VNB contains two populations, subgroup VNB-A
(n=9) and subgroup VNB-B (n = 7), group VNI also contains
two populations, global VNI (n = 60) and the Botswanan clade
of VNI (n=9), and group VNII contains one population, VNII
(n=10); and (ii) the two groups and four populations based
on geographic origin, where group I contains all isolates from
Botswana (n = 34), and group II contains isolates from three
populations, Europe (n = 12), Africa (excluding Botswana,
n=16), and North America (n = 24). The significance of the
estimated variance of each component was tested using a
nonparametric permutation method with 1000 permutations
(EXCOFFIER ef al. 1992). In addition, pairwise Wright’s fixa-
tion indexes (fst) were calculated for the pairs of popula-
tions defined by phylogenetic analysis or geographic origin
using Arlequin 2.0 (HARTL and CLARK 1997). The signifi-
cance of each Fgrvalue was tested by a nonparametric per-
mutation method with 1000 permutations (SCHNEIDER et al.
2000).

To evaluate the association among loci in each sample,
we used the index of association (/) and the maximum-
parsimony tree length (MPTL) test (MAYNARD SMITH et al. 1993;
BURT et al. 2000). I -values were calculated using Multilocus
1.2 software, and 1000 artificially recombined data sets were
used to determine the statistical values of the tests. The MPTL
test was performed with PAUP; 1000 permutations were used
to determine the statistical value of the test.
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TABLE 2

Strains of Cryptococcus neoformans used in this study

Geographic Mating MLST AFLP VN
Strain origin Source Year type type  genotype® type Source
btl Botswana CSF/AIDS 1999 a MI11  genl VNB LITVINTSEVA et al. (2003)
bt31 Botswana CSF/AIDS 2000 a MI12  gend VNB LITVINTSEVA et al. (2003)
bt109 Botswana CSF/AIDS 2001 a MI3  gen6 VNB LITVINTSEVA et al. (2003)
bt65 Botswana CSF/AIDS 2000 a MI14  genl5 VNB LITVINTSEVA et al. (2003)
bt76 Botswana CSF/AIDS 2000 o MI15  gen8 VNB LITVINTSEVA et al. (2003)
btl31 Botswana CSF/AIDS 2001 a MI16  genl6 VNB LiTvINTSEVA et al. (2003)
bt27 Botswana CSF/AIDS 2000 ¢ M42  genl4 VNB LITVINTSEVA et al. (2003)
bt24 Botswana CSF/AIDS 2000 a MI9  genl9 VNB LITVINTSEVA et al. (2003)
bt60 Botswana CSF/AIDS 2000 a M40 gen23 VNB LITVvINTSEVA et al. (2003)
bt206 Botswana CSF/AIDS 2002 a M20  gen5 VNB LITVINTSEVA et al. (2003)
bt84 Botswana CSF/AIDS 2001 o M21  gen9 VNB LiTvINTSEVA et al. (2003)
bt34 Botswana CSF/AIDS 2000 o M22  gen3 VNB LITVvINTSEVA et al. (2003)
bt89 Botswana CSF/AIDS 2001 o M23  genl7 VNB LiTvINTSEVA et al. (2003)
bt35 Botswana CSF/AIDS 2000 ¢ M24  genl2 VNB LITVINTSEVA et al. (2003)
bt46 Botswana CSF/AIDS 2000 a M25  genl3 VNB LITVINTSEVA ef al. (2003)
bt33 Botswana CSF/AIDS 2000 « M26  gen2 VNB LITVINTSEVA et al. (2003)
bt63 Botswana CSF/AIDS 2000 a M27  genl9 VNB LITVINTSEVA et al. (2003)
bt100 Botswana CSF/AIDS 2001 o M31  gen28 VNB  LITVINTSEVA et al. (2003)
bt125 Botswana CSF/AIDS 2001 ¢4 M33  gen34 VNB LITVINTSEVA et al. (2003)
bt85 Botswana CSF/AIDS 2001 a M34  gen2l VNB LITVINTSEVA e al. (2003)
bt88 Botswana CSF/AIDS 2001 a M35  genl0 VNB LITVINTSEVA et al. (2003)
bt22 Botswana CSF/AIDS 2000 a M36  genl8 VNB LITVINTSEVA ef al. (2003)
bt204 Botswana CSF/AIDS 2002 a M37  gen20 VNB LiTvINTSEVA et al. (2003)
btl57 Botswana CSF/AIDS 2001 « M38  gen7 VNB LITvINTSEVA el al. (2003)
bt148 Botswana CSF/AIDS 2001 o M39  gen22 VNB LITVINTSEVA e al. (2003)
bt104 Botswana CSF/AIDS 2001 a M30  gen29(A3) VNI  LITVINTSEVA et al. (2003)
bt68 Botswana CSF/AIDS 2000 o MI17  gen33 VNI  LITVINTSEVA et al. (2003)
btl5 Botswana CSF/AIDS 2000 o M32  gen27 VNI  LITVvINTSEVA el al. (2003)
bt150 Botswana CSF/AIDS 2001 a M28  gen30(A3") VNI  LITVINTSEVA et al. (2003)
bt57 Botswana CSF/AIDS 2000 o M29  gen31(A3) VNI LITVINTSEVA et al. (2003)
bt130 Botswana CSF/AIDS 2001 a MI18  gen24 VNI LITvINTSEVA el al. (2003)
bt121 Botswana CSF/AIDS 2001 a M41  gen25 VNI  LITVINTSEVA et al. (2003)
bt9 Botswana CSF/AIDS 1999 a M43 gen26(A1) VNI  LITVINTSEVA et al. (2003)
bt134 Botswana CSF/AIDS 2001 o Mb5a  gen32(A5) VNI  LITVINTSEVA el al. (2003)
argl373 Argentina a MI Al VNI
arg1366 Argentina a M1 Al VNI
VNI(WM148) Australia CSF 1995 a MI A3 VNI  MEYER et al. (2003)
fr1(IP110B) France Environmental o MI A3 VNI  BOEKHOUT et al. (2001)
fr3(IP12A) France Environmental o Ml A3 VNI  BoEekHOUT et al. (2001)
fr2(IP122A) France Environmental o MI A3 VNI  BoEekHOUT et al. (2001)
mal 120 Malawi Blood/AIDS 1999 « Ml Al VNI  BELL et al. (2001)
US CA 84-18 California Pigeon excreta 2003 a Ml AICAI VNI  LITVINTSEVA el al. (2005)
US CA 84-14 California Pigeon excreta 2003 a Ml AICA2 VNI  LITvINTSEVA et al. (2005)
c23 North Carolina BAL/HIV— 2001 a Ml Al VNI  LITvINTSEVA et al. (2005)
Al 35-8 North Carolina Pigeon excreta 2002 a M1 Al VNI LITVINTSEVA et al. (2005)
Al North Carolina Pigeon excreta 2002 « Ml Al VNI  LITvINTSEVA et al. (2005)
A3 38-20 North Carolina Pigeon excreta 2002 o MI A3 VNI LITvINTSEVA el al. (2005)
Tn470 Tanzania Blood/HIV+ 1995 « Ml Al VNI ARCHIBALD et al. (1998)
h99 North Carolina a MI1b Al VNI  PeRreCT et al. (1980)
blg7(RV55980) Belgium Canary excreta a M5 A5 VNI BoOEkHOUT et al. (2001)
it743 Italy a M5 A5 VNI  BARCHIESI ef al. (1997)
jp1086 Japan Human lung 1999 o M5 A5 VNI  Shigefumi Maesaki
(Nagasaki University)
jp1088 Japan Human lung 1999 a M5 A5 VNI  Shigefumi Maesaki
(Nagasaki University)
mal 212 Malawi CSF/blood/AIDS 1999 a M5 A5 VNI  BELL et al. (2001)
c48 North Carolina BAL/HIV— 2001 « M5 A5 VNI LITvINTSEVA el al. (2005)

(continued )
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TABLE 2
(Continued)
Geographic Mating MLST  AFLP VN

Strain origin Source Year  type type genotype® type Source
c8 North Carolina CSF/HIV+ a M5 A5 VNI  LITvINTSEVA et al. (2005)
Ab 35-17 North Carolina Pigeon excreta a M5 A5 VNI  LITVINTSEVA et al. (2005)
A2 28-23 North Carolina Pigeon excreta 2003 a M2 A2 VNI  LITVINTSEVA ¢f al. (2005)
A2 102-5 Texas Pigeon excreta 2003 o M2 A2 VNI LITVINTSEVA et al. (2005)
blg8(RV56883)  Belgium Canary excreta a M3 A3 VNI BorknouT et al. (2001)
blg12(RV59379) Belgium Air in zoo « M3 A3 VNI BOEKHOUT et al. (2001)
fr5(IP57B) France Environmental o M3 A3 VNI BoEkHOUT et al. (2001)
it754 Italy a M3 A3 VNI BARCHIESI el al. (1997)
ug2467 Uganda CSF/HIV+ 2001 a M3 A3 VNI S. A. Messer (University of Iowa)
ug2459 Uganda CSF/HIV+ 2001 a M3 A3 VNI S. A. Messer (University of Iowa)
c26 North Carolina Blood/HIV+ 2001 o M3 A3 VNI  LItvINTSEVA el al. (2005)
A3 1-1 North Carolina Pigeon excreta 2002 a M3 A3 VNI LITVINTSEVA et al. (2005)
in2637 India CSF/HIV+ a M3a A3 VNI H. C. Gugnani

(University of Delhi)
mal 9 Malawi Blood/AIDS a M3a A3 VNI BELL et al. (2001)
ug2471 Uganda CSF/HIV+ 2001 « M3b A2 VNI S. A. Messer (University of Iowa)
mal 104 Malawi Blood/AIDS a MI10 Al0 VNI BELL et al. (2001)
th84 Thailand Blood/HIV+ 1997 « MI10 AlO VNI ARCHIBALD et al. (1999)
th206 Thailand Blood/HIV+ 1997 a MI10 AlO VNI ARCHIBALD et al. (1998)
ug2463 Uganda CSF/HIV+ 2001 « M10a AlO VNI S. A. Messer (University of Iowa)
th104 Thailand Blood/HIV+ 1997 a M10a AlO VNI ARCHIBALD et al. (1999)
Tn148 Tanzania Blood/HIV+ 1995 a MI10b Al0 VNI ARCHIBALD et al. (1998)
JH125.91 Tanzania a MAf A4 VNI LENGELER et al. (2000)
blgl0(RV59351) Belgium Parrot excreta a M4 A4 VNI BoeknouT et al. (2001)
blg11(RV59369) Belgium Parrot excreta a M4 A4 VNI BoekHouUT e al. (2001)
br2362 Brazil o M4 A4 VNI M. G. De Almeida

(Universidad de Sao Paulo)
br794 Brazil 1998 a M4 A4 VNI M. G. De Almeida

(Universidad de Sao Paulo)
br795 Brazil 1998 a M4 A4 VNI M. G. De Almeida

(Universidad de Sao Paulo)
ug2458 Uganda CSF/HIV+ 2001 « M4 A4 VNI S. A. Messer (University of Iowa)
Tnl0 Tanzania Blood/HIV+ a M4 A4 VNI ARCHIBALD et al. (1998)
7al1346 DRC (Zaire) CSF/HIV+ o M4 A4 VNI N. Myers (CDC)
c27 North Carolina CSF/cancer 2001 o M4a A4 VNI LITVINTSEVA et al. (2005)
zal345 DRC (Zaire) a M4a A4 VNI N. Myers (CDC)
in2632 India CSF/AIDS 2001 a M4d A4 VNI H. C. Gugnani

(University of Delhi)
in2629 India CSF/AIDS 2001 o M4c A4 VNI H. C. Gugnani

(University of Delhi)
A4 34-6 North Carolina Pigeon excreta 2003 a M4e A4 VNI LITVINTSEVA et al. (2005)
fr4(IP13A) France Environmental o M4b A4 VNI BoekHoUT et al. (2001)
A4 1-12 North Carolina Pigeon excreta 2002 a M4b A4 VNI LITVINTSEVA et al. (2005)
VNII Australia CSF 1995 a M7 A7 VNII MEYER et al. (2003)
cl2 North Carolina Lung/HIV— o M7 A7 VNII LITVINTSEVA et al. (2005)
JHS8-1 North Carolina a M7 A7 VNII NIELSEN et al. (2003)
cl6 North Carolina Sputum/HIV— 2001 a M7 A8 VNII LITVINTSEVA et al. (2005)
c2 North Carolina BAL/HIV— 2002 o M8 A8 VNII LITvINTSEVA et al. (2005)
c44 North Carolina CSF/HIV— 2002 o M8a A8 VNII LITvINTSEVA et al. (2005)
A7 North Carolina Pigeon excreta o M7a A7 VNII LITVINTSEVA et al. (2005)
ug2462 Uganda CSF/HIV+ 2001 o M7b A6 VNII S. A. Messer (University of Iowa)
ug2472 Uganda CSF/HIV+ 2001 « M7b A6 VNII S. A. Messer (University of Iowa)
c4b North Carolina Sputum/HIV— 2001 a M7c A6 VNII LITvINTSEVA et al. (2005)

“Different from the AFLP genotyping scheme used by BoEkHOUT et al. (2001) (see Table 9).
CSF, cerebrospinal fluid; BAL, bronchoalveolar lavage; CDC, Centers for Disease Control.
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TABLE 3
MLST loci used for the analysis

No. of No. of

GB introns in the  polymorphic  No. of
Gene accession no.  Chromosome“  PCR product sites’ alleles’
MPD]1, Mannitol-1-phosphate dehydrogenase AF175685 8 2 18 9
TOP1, Topoisomerase I AF009325 9 2 22 15
MP88, Mannoprotein AF480842 1 2 21 14
CAP59, Capsular associated protein 126508 1 3 29 27
UREI, Urease AF006062 4B 4 13 10
PLB1, Phospholipase AF223383 12 3 16 12
CAPI10, Capsular associated protein AF144574 3 2 14 10
GPD1, Glyceraldehyde-3-phosphate dehydrogenase AF106950 7 5 19 13
TEFI, Translation elongation factor la U81804 12 3 26 19
SOD1, Cu, Zn superoxide dismutase AF248046 5 2 30 12
LACI, Laccase AF140164 8 4 12 8
IGS1, Ribosomal RNA intergenic spacer AB065158 2 NA 29 17

“Duke IGSP Center for Applied Genomics and Technology (http://cgt.duke.edu/).

’ Gaps were treated as single polymorphic sites.

‘Detailed information on the allele distribution is presented in supplemental Table 1 (http:/www.genetics.org/supplemental/).

RESULTS

AFLP genotyping confirmed the existence of two
genetically isolated groups in the global population and
revealed unique and diverse strains of C. neoformans
serotype A in Botswana: We used AFLP genotyping with
two independent primer pairs to investigate the geno-
typic diversity among 1085 strains of C. neoformans se-
rotype A isolated from different parts of the world,
including 139 (13%) isolates from Botswana (Table 1).
Forty-five polymorphic bands were generated, which
delineated 47 unique AFLP genotypes (Table 2). Among
these genotypes, 34 (72%) were found only in Botswana,
and the remaining 13 occurred in other countries.
Among these 34 AFLP genotypes unique to Botswana,
12 genotypes were found in single isolates, and 22 were
represented by more then one isolate (LITVINTSEVA
et al. 2003). Conversely, among the remaining 13 AFLP
genotypes found in other countries, only 2 genotypes
did not have clonemates, namely, isolates in2632 from
India and JH125.91, a rare MATa strain from Tanzania
(NIELSEN et al. 2003) . The remaining 11 AFLP genotypes
were identified in multiple isolates from different
countries and continents (Table 2).

Genetic relationships among the 47 different AFLP
genotypes are visualized by the nonmetric MDS plot
(Figure 1A). Forty-four of these strains grouped into
three genetically isolated subpopulations: group VNI,
which includes the VNI standard strain (MEYER et al.
2003), group VNII, which includes the VNII standard
strain(MEYER et al. 2003), and group VNB, which is
unique to Botswana (Figure 1A). Isolates from group
VNI were found in Botswana as well as globally. Members
of group VNII were rare but isolated from the
United States, Australia, and Uganda (Figure 1A). The
Botswanan and global isolates in group VNI are related

to one another, but most of the Botswanan isolates of
this group have unique genotypes. Three isolates from
the Botswanan population (bt125, bt131, and bt68) pos-
sess AFLP patterns that are characteristic of both group
VNB and group VNI, and they may have arisen from
recombination between members of the two groups.
The same three groups (VNI, VNII, and VNB) were de-
lineated by using PCA (data not shown).

Overall, the population in Botswana has the highest
number of unique AFLP genotypes, and they have not
been found anywhere else, including other African
countries. For example, among the 55 strains of sero-
type A from Tanzania (n= 14), Malawi (n=15), Uganda
(n=21), and the Democratic Republic of Congo (n =
5), only six different AFLP genotypes were identified,
and none had genotypes similar to those in Botswana
(Table 1).

Development of the MLST genotyping system: The
12 gene sequences analyzed totaled 6835 nucleotides
from which we identified 239 polymorphic sites. Among
these multilocus gene sequences, SODI was the most
variable with 30 polymorphic sites, and LACI was the
least variable with 12 polymorphic sites (Table 3).

Among the 102 strains examined, 57 different MLST
genotypes were identified: 32 (56.1%) occurred among
strains in Botswana and 25 in the other countries (Table
2). There was good correlation between the MLST and
AFLP genotypes. For example, with two exceptions from
Botswana (bt57 and bt104), every strain with a unique
AFLP genotype had a unique MLST genotype. Similarly,
strains with the AFLP genotype A5 always had MLST
genotype M5. There were multiple strains for which
the MLST genotype was more discriminatory than the
AFLP genotype. For example, strains with AFLP geno-
type A3 possessed MSLT genotypes MI, M3, or M3a.
AFLP genotype A4 was the most polymorphic, since it
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TABLE 4
MLST primers

Melting Product

Locus Primer sequence temperature size (bp) PCR conditions

CAP10f 5'-CCG GAA CTG ACC ACT TCA TC 56.3° 668 12 cycles 62°-56° stepdown 2° every 2 cycles
followed by 20 cycles at 56°

CAPI0r 5'-GCC CAC TCA AGA CAC AAC CT 58.5°

GPDA 5'-ATG GTC GTC AAG GTT GGA AT 55.5° 599

GPD-r 5'-GTA TTC GGC ACC AGC CTC A 58.1°

MPDf  5'-GGT GTC TGC CAT ACC GAC TT 58.0° 579

MPDr  5'-GAT GTC GGC CAC AAT ATC CT 55.6°

PLBIf  5'-CTT CAG GCG GAG AGA GGT TT 57.7° 674

PLBIx+  5'-GAT TTG GCG TTG GTT TCA GT 55.2°

UREI£  5'-GTG GGA TTC GGT CAT AAG GA 55.0° 842

UREIxr  5'-CCG GTG AAG CCA AAG TTA AG 54.9°

SODI+  5'-TCT AAT CGA AAT GGT CAA GG 50.7° 680

SODI-r  5'-CGC AGC TGT TCG TCT GGA TA 58.1°

TOPI£  5'-TTG TCC AAA AGC AAA GCA GA 54.5° 598 10 cycles 62°-52° stepdown 1° every 1 cycle
followed by 20 cycles at 52°

TOPIx  5'-TTC TGA TGA TTC CTC TTT TGA GC 54.6°

TEFI£  5'-AAT CGT CAA GGA GAC CAA CG 55.9° 844

TEFI-x  5'-CGT CAC CAG ACT TGA CGA AC 56.5°

CAP59f 5'-GAT TTG GCA GAG TAG GAG ACA GA 57.4° 594 10 cycles 67°-57° stepdown 1° every 1 cycle
followed by 20 cycles at 57°

CAP59r 5'-ATA TCC CAG ACT TTT CGG TCG TA 56.9°

MP8&r  5'-GTA GGC AGT CTG AGG AGT GAC AG 59.7° 849

MP8&f  5'TAG TTT TCC CCA CTT CTC CTT TC 56.0°

LACt*  5'-GGC GAT ACT ATT ATC GTA 45.6° 586 30 cycles 54°

LAGr 5'-TTC TGG AGT GGC TAG AGC 54.1°

IGS1-f*  5'-ATC CTT TGC AGA CGA CTT GA 55.3° 790 30 cycles 56°

IGS1-r  5-GTG ATC AGT GCA TTG CAT GA 54.7°

“Xu et al. (2000).
"SucrTa et al. (2001).

encompassed 7 related, but distinct MLST genotypes,
M4 and M4a-4f (Table 2).
MLST genotyping confirmed the existence of two

genetically isolated groups in the global population of
C. neoformans serotype A and a unique population in
Botswana: Genetic relationships among the 57 MLST
genotypes have been visualized by the nonmetric MDS
plot (Figure 1B). The same three groups defined by the
AFLP genotypes also emerged from the MLST analyses.
Isolates from group VNB are unique to Botswana;
isolates from group VNI are found both in Botswana
and globally; isolates from group VNII are isolated from
the United States, Australia, and Uganda. Similarly, 2 of
the 3 putative hybrid genotypes identified by the AFLP
analysis (bt125 and btl31) also contained MLST alleles
of both groups, suggesting that they may be products of
recombination between the groups. However, the third
hybrid genotype identified by the AFLP analysis (bt68)
grouped well within group VNI and was notidentified as
a hybrid by the MLST genotyping (Figure 1B). As with

AFLP, the same three groups were delineated by an
alternative PCA ordination method (data not shown).
In addition, genetic relationships among all 102 iso-
lates were estimated using the NJ method. (Figure 2A).
The three major groups identified by the MDS and PCA
analyses of the AFLP and MLST genotypes are clearly
recognized and well supported by bootstrap values
of 90, 77, and 100% for groups VNB, VNI, and VNII,
respectively. In addition, group VNB consists of three
clades, VNB-A and VNB-B, which were identified pre-
viously (LITVINTSEVA el al. 2003), and VNB-C. The VNB-A
clade is dominated by the isolates with MATo mating
type, the VNB-B clade contains most of the isolates with
the MATa allele, and VNB-C contains isolates with both
mating types (Figure 2A). In addition, the VNB-C clade
is unusual because it contains only the isolates with
incongruent gene genealogies of several genes (see
below). Group VNI consists of five shorter clades that
correspond to six distinct AFLP genotypes: Al and A3
(67% bootstrap support), A2 (99%), A3 (91%), A4
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F1GURE 1.—Genetic relationships among the 47
unique AFLP genotypes (A) and the 57 unique
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(91%), A5 (100%), and A10 (98%). With one excep-
tion, the Botswanan isolates in group VNI formed a
distinct clade within the AI/A3 clade with bootstrap
support of 64%. The exceptional isolate from Botswana
(bt134) is embedded within the A5 clade of group
VNI (Figure 2A, Table 1), which also includes isolates
from Belgium, Italy, Japan, Malawi, and the United States.
Additional analyses by maximum parsimony, UPGMA,
and maximume-likelihood methods generated similar
phylogenetic patterns (data not shown).

To better understand the evolutionary relationships
among these populations, we compared the MLST gene
sequences of 92 strains of serotype A, which had con-
gruent gene genealogies (see below) with those of the
recently sequenced JEC21 strain of C. neoformans sero-
type D (LOFTUS et al. 2005). Among the variable regions
of the CAP59,1GS1, and URE]I loci, there was substantial
polymorphism between the two serotypes. Large in-
sertions/deletions were excluded from the alignment,
which decreased the number of different strains that
could be distinguished. Overall, 6478 nucleotides were
aligned, 135 parsimoniously informative polymorphic
sites were compared, and 27 genotypes were differenti-
ated. Figure 2B depicts the strict consensus of the eight
most parsimonious trees rooted with the JEC21 serotype
D strain. The position of the root indicates that group
VNII is closest to the most recent common ancestor and
that groups VNB and VNI diverged more recently.

AMOVA analysis of AFLP and MLST genotypes re-
veals the genetic isolation of groups VNI, VNII, and
VNB and the absence of geographic structure in
the global population: Phylogenetic methods and non-
hierarchical ordination analyses (MDS and PCA) of

02 04 06 08

both AFLP and MLST data delineated three major
groups in the global population. As an independent
assessment of the validity of these groups, we performed
an AMOVA on both data sets. Variance components
were calculated for the following comparisons: (i) on
the basis of the phylogenetic structure depicted in
Figures 1 and 2, we compared three groups (VNI, VNII,
and VNB) and five populations (VNI, VNI-Botswana,
VNII, VNB-A, and VNB-B), and (ii) on the basis of the
geographic origins of the strains, we compared two
groups (Botswana and everywhere else) and four popula-
tions (Botswana, elsewhere in Africa, Europe, and North
America). Results of the AMOVA are shown in Table 5.
For the groups based on the phylogeny, most of the AFLP
allelic variation is due to variance among the groups
(58.8%); the remaining AFLP variation is attributed
to variance among populations (16.9%) and variance
among the individuals within the population (24.3%).
For the MLST genotypes, the majority of the variation
is ascribed to variance within the populations (52.4%);
however, the remaining variation, which is due to variance
among the groups (23.8%) and among the populations
(23.8%), is highly significant (P < 0.001), indicating ex-
tensive divergence among these groups and populations.

Conversely, when groups and populations are defined
on the basis of geography, the majority of the variation
among both AFLP and MLST alleles is attributable to
variance among the individuals within the populations
(66.2 and 78.2%, respectively) as well as variance among
the groups (31 and 18.9%, respectively), which indi-
cates that the isolates from Botswana are indeed unique
and different from all the other isolates that were
analyzed. In contrast, variation among the populations
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from other sub-Saharan Africa countries, Europe, and
North America was much smaller (2.8% AFLP and
2.9% MLST), indicating little differences among these
populations.

To further evaluate genetic divergence among the
populations, Wright’s fixation indexes (fs1) were cal-
culated for pairs of putative populations. Fsr has a
theoretical minimum of 0 (indicating no genetic di-
vergence) and a theoretical maximum of 1 (indicating
fixation for alternative alleles in different popula-
tions); however, the index rarely reaches the maximum
of 1, and an Fgrvalue >0.15 denotes considerable
differentiation.

USA (10) CI, consistency index; R, re-
tention index.

For all of the five phylogenetically defined popula-
tions, the pairwise Fsrvalues were above >0.25 (P <
0.001, Table 6), indicating significant genetic diver-
gence among these populations. Conversely, when the
populations were defined according to the geographi-
cal origins of the isolates, the population from Botswana
was significantly divergent from the other samples from
Africa, North America, and Europe (fst = 0.18; P <
0.001, Table 7). However, there was no significant dif-
ference among the populations from non-Botswanan
Africa, North America, and Europe. In both sets of Fsr
calculations (Tables 6 and 7), the AFLP and MLST data
yielded the same results.
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Evidence of clonality in the global population and
recombination in the Botswanan population: The ex-
istence of identical MLST /AFLP genotypes on different
continents (Figure 2A) suggests that the global popula-
tion of C. neoformans var. grubii (serotype A) is pre-
dominately clonal. Previous data indicated that the
isolates from Botswana exhibit evidence of both clon-
ality and recombination (LITVINTSEVA et al. 2003) . Here
we used MLST as well as AFLP genotypes to further
investigate the possibility of recombination in the
Botswanan sample. The index of association (/) estimates
linkage disequilibrium among the loci in the popula-
tion (MAYNARD SMITH et al. 1993). I, was calculated for
the AFLP and MLST genotypes in different populations
and groups. Linkage equilibrium has been detected
among both AFLP and MLST loci in the Botswanan
subgroups VNB-A, VNB-B, and VNB-C and in the
Botswanan clade of VNI (Table 8). However, the null
hypothesis of linkage equilibrium was rejected for the
MLST loci in groups VNI, VNII, and VNB, as well as
among the AFLP loci in groups VNI and VNII (Table 8,
P<0.01).

Nonrandom associations among the loci in the
various groups were also evaluated by phylogenetic
methods. When all of the strains were included in the
analysis, 855 most parsimonious trees were generated
(datanotshown). The consistency indexes (CI) of those

trees were low (CI = 0.43); however, the strict consensus
of the trees was well resolved (data not shown). More-
over, the lengths of the most parsimonious trees (LMPT)
of the entire sample of 102 isolates and of groups VNI,
VNII, and VNB, as well as subgroups VNB-A and VNB-B,
were significantly shorter then the lengths of the most
parsimonious trees calculated for the randomized data,
indicating significant linkage disequilibrium among the
alleles in all of the groups (Table 8, P < 0.01). The only
exception was the VNB-C subgroup, in which linkage
equilibrium among the loci was also detected by the
LMPT test (P = 0.52, Table 8).

We developed a phylogeny for each of the 12 genes in
the MLST data set of 102 isolates, and these gene
genealogies were analyzed for their congruence. Under
strict clonality, the genealogies of multiple genes should
be congruent (TAYLOR et al. 1999b; BURrT et al. 2000).
Nine Botswanan strains (bt125, b148, bt33, bt88, bt84,
bt65, btl31, bt3l, and btl09) and the MATa strain
(JH125.91) from Tanzania were inconsistently placed in
the 12 gene genealogies. For example, in the CAPI0
gene genealogy, bt148, bt33, bt88, bt65, bt131, bt31, and
btl09 cluster with group VNB strains from Botswana,
whereas bt125 clusters with group VNI (bootstrap 76%,
Figure 3A). Conversely, in the SODI gene genealogy,
btl31 and bt125 cluster with group VNB, whereas bt148,
bt33, bt88, bt65, and btl09 cluster with group VNI



Sequence Typing of C. neoformans 2233
TABLE 5
Analysis of variance (AMOVA) of AFLP and MLST genotypes of 102 isolates of C. neoformans
Sum of squares Variance components Pvalue
Source of variation d.f. AFLP MLST AFLP (%) MLST (%) AFLP  MLST

Populations are defined on the basis of phylogeny (VNB group: populations VNB-A and VNB-B; VNI group: populations
VNI Botswanan and VNI global; VNII group: population VNII)

Among groups 2 177.3 120.9 3.6 (58.8) 1.3 (23.8) <0.001 <0.001
Among populations within groups 2 29.9 38.9 1.0 (16.9) 1.2 (23.8) <0.001 <0.001
Within populations 97 103.6 255.1 1.5 (24.3) 2.9 (52.4) <0.001 <0.001
Total 101 310.8 414.9 6.1 5.4

Populations are defined on the basis of the geographical structure (group I: population Botswana; group II: populations
Africa (excluding Botswana), Europe, and North America)

Among groups 1 67.7 46.2 1.5 (31.0) 0.9 (18.9) <0.001 <0.001
Among populations within groups 2 11.0 12.7 0.1 (2.8) 0.1 (2.9) <0.001 0.03
Within populations 81 260.7 316.8 3.2 (66.2) 3.9 (78.2) <0.001 <0.001
Total 84 339.4 375.7 4.8 4.9

(bootstrap 96%, Figure 3B). Moreover, in the MPS8S
gene genealogy, both btl31 and btl25 cluster with
group VNI, whereas the remaining six strains cluster
with group VNB (bootstrap 72%, Figure 3C). Overall, phy-
logenetic incongruence among the 12 gene genealogies
genes was statistically significant (ILD test, P < 0.01).

Confirmation of the existence of genetically isolated
groups of serotype A: Other reports have documented
the existence of genetically distinct groups among iso-
lates of serotype A, but intrinsic problems associated
with interpreting and comparing fingerprinting data
have precluded clarification of the relationships among
the previously described groups.

i.  Using multilocus enzyme electrophoresis (MLEE),
Brandt et al. analyzed a large clinical population of
serotype A in the United States and described two
distinct groups, designated ET1 and ET2 (BRANDT
et al. 1995, 1996).

Using AFLP genotyping, Boekhout et al. examined
a global collection of serotype A and identified two
distinct clusters, termed genotypes I and IA
(BOEKHOUT et al. 2001).

Meyer et al. used PCR fingerprints to identify two
distinct molecular types within a global population

ii.

iii.

of serotype A, designated VNI and VNII (MEYER
et al. 2003).

Litvintseva el al. analyzed AFLP genotypes in the
Botswanan population of serotype A and identified
two groups, I and II (LITVINTSEVA et al. 2003); they
also investigated a large sample of clinical and
environmental isolates from the United States and
discerned two distinct subgroups, also designated I
and II (LITVINTSEVA et al. 2005).

iv.

To clarify this confusing nomenclature and compare
isolates used in previous studies, this investigation
included the reference strains of VNI and VNII (MEYER
et al. 2003) and adopted the VNI-VNII nomenclature.
The MLST/AFLP cluster that included the VNI typing
strain was designated group VNI, and the cluster with
the VNII reference strain was named group VNII
(Figures 1 and 2). The relationships among these
variously labeled genetic groups are shown in Table 9.

DISCUSSION

Although the population structure of C. neoformans
has been studied for many years (BRANDT et al. 1995;
MitcHELL and PeRrRreEcT 1995; CASADEVALL and

TABLE 6

Pairwise Fsr among five populations defined on the basis of phylogeny (all data P < 0.001)

VNI global VNI Botswana VNB-A VNB-B
MLST AFLP MLST AFLP MLST AFLP MLST AFLP
VNI global (n = 60) 0 0
VNI Botswana (n = 9) 0.26 0.41 0 0
VNB-A (n = 15) 0.44 0.8 0.4 0.65 0 0
VNB-B (n=17) 0.54 0.86 0.55 0.73 0.34 0.48 0 0
VNII (n = 10) 0.52 0.86 0.52 0.77 0.38 0.63 0.46 0.66

Statistically significant Fgr-values are shown in italics.
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TABLE 7
Pairwise Fsr among four populations defined on the basis of geography
Botswana Africa” Europe

MLST (P)* AFLP (P) MLST (P) AFLP (P) MLST (P) AFLP (P)
Botswana (n = 34) 0 0
Africa (n = 16) 0.19 (<0.001) 0.31 (<0.001) 0 0
Europe (n = 12) 0.25 (<0.001) 0.43 (<0.001) 0.06 (0.08) 0.05 (0.21) 0 0
North America (n = 24) 0.18 (<0.001) 0.22 (<0.001) 0.02 (0.19) 0.05 (0.12) 0.03 (0.20) 0.13 (0.04)

Statistically significant Fsp-values are shown in italics.
“Excluding Botswana.

PERFECT 1998; BOERHOUT et al. 2001; MEYER ef al. 2003;
LiTvINTSEVA el al. 2005), the DNA fingerprinting
methods that have been used in the past precluded
comparing genotypes developed in different laborato-
ries. Therefore, the overall understanding of the global
population structure of this important pathogen has
been fragmentary. For example, unusual populations
of C. neoformans var. grubii serotype A were discovered
in Botswana (L1TvINTSEVA ef al. 2003) and Brazil
(BARRETO DE OLIVEIRA et al. 2004), but their relation-
ships to isolates from other countries are obscure.

The first attempt to apply multilocus sequence typing
to the analysis of the population structure of C. neofor-
mans was performed by Xu et al. (2000), who analyzed
the sequences of four genes and determined the evo-
lutionary relationships among 34 strains, representing
all four serotypes of C. neoformans and C. gattii. However,
due to the limited number of strains and genes ana-
lyzed, their study did not explicate the population
structure of C. neoformans var. grubii (serotype A), the
most clinically relevant variety of the fungus. Here we
focused on isolates of serotype A and expanded the
MLST approach, which enables unambiguous genotyp-
ing of isolates, eliminates the necessity of reference
strains, simplifies sharing genotypic data among other
laboratories, and permits other researchers to add new
strains to further refine the analyses. We compared

genotyping by MLST to the more commonly used AFLP
method and found that MLST had greater discrimina-
tory power. Overall, there was good correlation between
the MLST and AFLP genotypes, and combining these
methods allowed excellent discrimination among even
closely related strains of serotype A.

To analyze the genetic relationships among the AFLP
and MLST genotypes, we used three independent meth-
ods: AMOVA, ordination methods (MDS and PCA), and
phylogenetic analyses, which are commonly used to
detect evidence of population subdivision and differen-
tiation (HARTL and CrLARK 1997; BurNETT 2003). All
three methods demonstrated that the global popula-
tion of C. neoformans var. grubii comprised at least three
genetically distinct groups, designated VNI, VNII,
and VNB. Isolates of the VNB group were unique to
Botswana; whereas strains of VNI and VNII groups were
widespread (Figure 2A).

With the exception of the unusual population in
Botswana, the global population of serotype A was
dominated by isolates of the VNI and VNII groups and
exhibited strong evidence of clonality (MAYNARD SMITH
et al. 1993; TAYLOR et al. 1999a,b): (i) identical MLST/
AFLP genotypes were isolated from quite distant loca-
tions (Figure 2A, Table 2); (ii) statistically significant
linkage disequilibrium was detected among the AFLP
and MLST loci in both VNI and VNII groups (Table 8);

TABLE 8

Statistical tests of associations among the loci in different populations

F MLST AFLP Length of the most parsimonious tree for

requency of

Origin Population the MATa allele Iy P Iy P Observed data ~ Randomized data P

Botswana Group VNB 0.224 1.00 <0.01 030 0.11 255 377 <0.01
Subgroup VNB-A 0.058 044 010 —0.23 092 140 177 <0.01
Subgroup VNB-B 0.714 —-0.03 090 015 040 50 54 <0.01
Subgroup VNB-C 0.333 —-0.08 097 —0.16 0.78 50 50 0.52
VNI-Botswana 0.012 027 030 012 025 23 31 <0.01

Global Group VNI 0.001 042 <0.01 0.55 <0.01 112 505 <0.01
Group VNII 0.000 290 <0.01 1.20 <0.01 80 119 <0.01

Results for the samples for which a null hypothesis of recombination cannot be rejected are shown in italics.



Sequence Typing of C. neoformans 2235

A CAP10 B SoD1
CI=0.98 CI=0.92
RI=0.99 RI=0.98

1 mp tree, length=42

1 mp tree, length=49

C Mpss
CI=0.92
RI=0.99
12 mp trees, length=26

btioa | b1z | Group
e bt104 90 VNIE /NI
L bt100 I
bt125 4— bt150 bt104
bt130 bt109 €— bt130
bt130 bt15
i st +— L
Group VNI Group VNI
bt57 bt31 <+— bt109 pr148€¢—
bt33 <— bt204
bt68 ™ bis7 bt22
bto —|—<_
bt68 bteo ' bt63
64 bt100 btss
Pr— 72 bt157
VNI big b1206 pyip7
bte5 <+— bt33 <
78 bt15 bi35 Tb84 4
bt150 bti34 bt34 Group
VNI — bt31 < VNB
ot — bt46
] bt206 bt65 ﬂ
bt31e— bti21 |
b2 |bt131 4 4?“20_ bi68
bt88 bt150
s, e
76 bt65 €¢—
bt157 VNI
— b33 ¢— bt100 Group VNI
b3 bt27 Group Group bt125¢—
bta6 VNB VNB bt131€¢—
bt63
bi84€— — o5 bri34 |
5 VNI
{VNII Group VNII Group VNII
// JEC21, // JEC21, // JEC21,
// serotype D // serotype D // serotype D

F1GURE 3.—Most parsimonious trees for 102 isolates of C. neoformans serotype A based on sequence polymorphisms in the fol-
lowing genes: CAPI0 (A), SODI(B), and MP88 (C) rooted with sequences of the JEC21 serotype D strain. For clarity of presen-
tation only selected isolates from Botswana are shown. Vertical lines represent identical genotypes. Numbers above each branch
indicate bootstrap values >50%, based on 500 replications. Strains that are inconsistently placed within the gene genealogies are
shown in boldface type and marked with arrows. CI, consistency index; RI, retention index.

(iii) the gene genealogies of both groups were congru-
ent; (iv) AMOVA and Fsr-analyses detected little or no
differences in the genotypic frequencies among the
populations from North America, Europe, and Africa
(excluding Botswana) (Tables 5-7); and (v) in addition,
geographic structure was not evident in the phylogeny
of these groups, which is consistent with a predomi-
nantly clonal mode of reproduction.

In particular, six AFLP/MLST genotypes (Al/Ml,
A3/M1, A3/M3, A4/M4, A5/Mb, and A7/M7) ac-

counted for 53% of the global isolates excluding
Botswana and Thailand (Tables 1 and 2; Figure 2A).
[The unusual population in Botswana is discussed
below, and the 29 clinical isolates from Thailand
(ARCHIBALD et al. 1999) contained two clonally related
genotypes, A10/M10 and A10/M10a, which were also
found in Uganda and Malawi (Figure 2A)]. The
prevalence of a few identical strains and overall low
level of polymorphisms in the global population suggest
an “epidemic” structure of the population with recent

TABLE 9

Relationships among different molecular groups in C. neoformans var. grubii described by different authors

Author Methods Grouping

This investigation AFLP, MLST VNI group VNII group VNB group
BRANDT et al. (1995) MLEE, PCR fingerprinting ET1 complex ET2 complex ND
BoekHoUT et al. (2001) AFLP 1 1A ND

MEYER et al. (2003) PCR fingerprinting, RFLP VNI VNII ND
LITVINTSEVA et al. (2003) AFLP, sequencing II ND I
LITvINTSEVA et al. (2005) AFLP II 1 ND

ND, not detected.
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emergence and/or dispersal of these strains around the
globe (MAYNARD SMITH et al. 1993). Similar population
structures have been described for pathogenic bacteria
(MAYNARD SMITH ef al. 1993; ENRIGHT and SPRATT
1999), protozoa (TIBAYRENG e/ al. 1990), and other
fungi (GRASER et al. 1996; CARBONE et al. 1999; CoucH
and KoHN 2000; MOREHOUSE ¢f al. 2003; O’DONNELL
et al. 2004). However, in these cases, the spread of clonal
microorganisms was attributed either to the migration
of infected humans or to the international trade of
horticultural and agricultural products (GRASER et al.
1996; CARBONE el al. 1999; CoucH and Konn 2000;
MOREHOUSE et al. 2003; O’DONNELL et al. 2004). Wind
(HOVMOOLLER et al. 2002) and water (O’DONNELL et al.
2004) may also contribute to the dispersal of clonal
lineages. However, these explanations are unsatisfactory
because cryptococcosis is not transmitted among hu-
mans or animals and isolates of serotype A are not known
to produce airborne spores capable of dispersion over
long distances (CASADEVALL and PERFECT 1998).

This global clonality and low genetic diversity may be
attributable to the well-documented association of iso-
lates of serotype A with feral pigeons, which can serve
as vectors of transmission (CASADEVALL and PERFECT
1998; LiTvINTSEVA et al. 2005). Although the pigeons
do not acquire cryptococcosis, most likely because
C. neoformans cannot grow at the normal avian body
temperature of 41°-42°, the yeast cells survive passage
through the pigeon intestinal tract and may remain
viable for up to 2 years in pigeon excreta, which contain
urea and other utilizable substrates (CASADEVALL and
PeERrFECT 1998). Feral pigeons have populated the re-
gions surrounding the Mediterranean basin for the last
2000 years and were introduced to many other areas
during the European expansion within the last 400 years
(LonG 1981). Therefore, in recent centuries pigeons
probably facilitated the global spread of serotype A. Our
investigation supports this hypothesis, as strains from
both groups VNI and VNII, as well as the six most
prevalent genotypes, have been isolated from pigeon
excreta and other environmental sources in the United
States and Europe (Table 2, Figure 2A; BoEkHOUT
et al. 2001; LITvINTSEVA et al. 2005). Moreover, with the
exception of the A2/M2 genotype, which so far has been
detected only in the environment (Table 2; LITVINTSEVA
et al. 2005), most of the genotypes were equally prevalent
in clinical and in environmental samples.

Unlike the remaining global population, the popula-
tion in Botswana is more diverse and appears to be
genetically and geographically unique. We have AFLP
genotyped >1000 haploid isolates of serotype A from
different parts of the world, including the sub-Saharan
countries of Tanzania, Uganda, Malawi, and the Dem-
ocratic Republic of the Congo (Zaire), and isolates of
group VNB were found only in Botswana. Moreover,
with one exception (btl34, Figure 2A), genotypes of the
Botswanan isolates within group VNI formed a single,

relatively well supported clade (bootstrap 64%), and
they were not found outside Botswana. Both VNB and
VNI isolates from Botswana were capable of mating with
other global isolates of the VNI group in the laboratory
(LITvINTSEVA ef al. 2003), as well as with the JHS8-1
strain from the VNII group (our unpublished data).
The presence of apparent hybrid genotypes in the
Botswanan population (Figure 3) indicates that VNB
and VNI strains can mate and recombine in the
environment. Most likely, isolation or selection of the
unique population of serotype A in Botswana is attrib-
uted to the presence of geographical or ecological
barriers that impede genetic exchange with other
populations.

Without local environmental studies, the possibility of
an unusual ecological niche for the VNB subpopulation
is open to conjecture. Strains of the other groups of
serotype A have been isolated from a variety of natural
environments, including the excreta of several avian
species (CASADEVALL and PERFECT 1998; LITVINTSEVA
et al. 2005), decayed wood (CASADEVALL and PERFECT
1998; RanpHAWA et al. 2003), trees (MEYER et al. 2003;
BARRETO DE OLIVEIRA ¢t al. 2004; GUGNANI et al. 2005),
domestic dust (SWINNE et al. 1989; BARRETO DE OLIVEIRA
etal. 2004), and apian habitats (ERGIN et al. 2004) . Few, if
any, plants and animals are solely endemic to Botswana,
and it is likely that VNB genotypes will be discovered in
vicinal countries. In general, the sub-Saharan region
supports a rich variety and abundance of plant, avian,
mammalian, and insect species (BURGER 2003), and any
component(s) of this biota could conceivably enrich for
and harbor C. neoformans. (Certainly, the highest global
incidence of cryptococcosis occurs in sub-Saharan Africa.)

The Botswanan population of serotype A is charac-
terized by a high proportion of fertile MATa isolates that
have not been found in any other parts of the world
(Table 8). However, the proportion of MATa strains in
the VNB group was not consistent with frequent sexual
recombination(i) = 0.22, Table 8). Moreover, the distri-
bution of the MATa allele within the VNB group was
uneven: the VNB-A clade was dominated by the isolates
with the MATa mating type (Table 8, Figure 2A),
whereas VNB-B was dominated by the isolates with the
MATa mating type (Table 8, Figure 2A). The most likely
explanation for such unequal distribution of the mating
types within the population may be that VNB-A and
VNB-B clades represent two clonal lineages that origi-
nated from strains with MATo and MATa mating types,
respectively. A similar population structure was detected
in the related species C. gattii in Australia (HALLIDAY
and CARTER 2003; CAMPBELL et al. 2005). This popula-
tion of C. gattii contains equal proportions of isolates
with MATa and MATo mating types coexisting in the
same local environment; however, the phylogenetic and
population genetic analyses revealed strong evidence
for the isolation of the MATa and MATu clonal lineages
(HarripAay and CARTER 2003). The third clade in the



Sequence Typing of C. neoformans 2237

VNB group of C. neoformans, VNB-C, includes isolates
with both mating types, all of which have incongruent
genealogies and bear direct evidence of recombination
(Figures 2 and 3). Furthermore, VNB-C was the only sub-
group of the global sample, in which linkage equilib-
rium was detected with both the I, and LMPT tests
(Table 8), and therefore it may represent an actively
recombining component of the Botswanan population.
However, the ecological or geographical rationale for
applying these statistics for the VNB-C group alone
requires additional investigation (MAYNARD SMITH e/ al.
1993; L1TvINTSEVA et al. 2003) . In addition to the VNB-C
isolates, several strains in the Botswanan population (e.g.,
btl125, btl131, and bt148) contain hybrid genotypes that
originated from recombination between VNB and VNI
groups (Figures 2A and 3). Environmental sampling in
Botswana and neighboring regions will be necessary to
investigate the possibility and extent of genetic recom-
bination in the population.

Overall, our results indicate that the population of
serotype A in Botswana exhibits evidence of both clonality
and recombination, whereas the remaining global
population is predominantly clonal. Population genet-
ics studies of other medically important fungi com-
monly manifest evidence of both clonal propagation
and recombination (TAYLOR et al. 1999a; O’DONNELL
et al. 2004). Both modes of reproduction confer evo-
lutionary advantages and as well as costs to fitness. For
example, it was recently demonstrated that interaction
between the mating partners in C. neoformansserotype D
incurred a 10% reduction in vegetative fitness, which
may explain the overall preference for clonal propa-
gation in the population (Xu 2005). Conversely, in
Saccharomyces cerevisiae sexual reproduction significantly
increased the rate of adaptation to new environments
(GODDARD et al. 2005), which may explain why a small
amount of recombination is maintained in fungal pop-
ulations, despite the apparent compromise in fitness.

This study applied two independent genotyping
methods, MLST and AFLP, and an array of population
genetics tests to investigate a sample of global isolates
of C. neoformans var. grubii. Our investigation addressed
several relevant issues regarding the diversity, popula-
tion structure, and mode of reproduction of this
pathogen. The results indicated the presence of three
genetically isolated groups in the global population.
Groups VNI and VNII are widespread, dominated by
isolates with the MATo mating-type allele, and pre-
dominantly clonal; whereas, isolates of group VNB are
unique to Botswana, contain a significant proportion of
fertile strains with the MA7a mating type, exhibit greater
genotypic diversity than groups VNI or VNII, and
manifest evidence of clonality and recombination. To
our knowledge this is the first report of an endemic,
genetically distinct population of C. neoformans associ-
ated with a particular geographical locality, and this
finding may have attendant clinical implications. How-

ever, it is probable that the global population of C.
neoformans var. grubii (serotype A) is not restricted to
these three genetic groups. We predict that other ge-
netically distinct endemic groups will be identified in
other countries and continents. The MLST genotyping
system developed here can be used by multiple labora-
tories for a global surveillance of strains to identify addi-
tional clinical and environmental isolates and assign
them to characterized or new populations of serotype A.
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